Abstract Deception Island has been interpreted variously as a classical ring fault caldera, as a tectonically controlled collapse caldera or as a tectonic depression. Review of previous studies combined with new fieldwork has allowed us to obtain a more precise model of the formation and internal structure of the Deception Island caldera. It formed as a result of the explosive eruption of basaltic-to-andesitic magmas, mostly as pyroclastic density currents representing in total a bulk volume of the order of 90 km 3 . Caldera collapse occurred rapidly along a polygonal structural network consisting of several pre-existing major normal faults. These faults, which originated as a result of regional tectonics, controlled pre-and post-caldera volcanism on the island. The formation of the caldera generated a very active geothermal system inside its depression, which is responsible for most of the present-day seismic activity and may also have a significant influence on the observed surface deformation. Our results do not support the hypothesis that there is a large but shallow, active magma chamber beneath the current caldera; instead we suggest that recent eruptions have been fed by small batches of deepersourced magmas. The intrusive remains of these eruptions and probably of other minor intrusions that have not reached the surface provide the main heat source that sustains the current geothermal system.
Introduction
Deception Island is the most active volcano in the South Shetland Islands-Antarctic Peninsula group, and over 20 eruptions are known to have taken place there over the last two centuries (Pallàs et al. 2001; Smellie et al. 2002) . It is located in the spreading centre of the Bransfield Strait marginal basin and consists of a < 0.75-Ma (Valencio et al. 1979; Smellie 1988) horseshoe-shaped stratovolcano, with a below-sea-level diameter of 25 km (Smellie 1988; Barclay et al. 2009 ) and an above-sea-level diameter of around 13 km (Fig. 1) . A sea-flooded depression known as Port Foster, considered to be the caldera, occupies the central part of the island. Several periods of contrasting styles of volcanic activity can be distinguished .
Two models have been proposed to explain the origin of the Deception Island caldera: (1) the caldera suffered a pistonlike collapse following a major eruption around either a 'standard' (for the time) ring fault (Hawkes 1961; González-Ferrán and Katsui 1970; Baker et al. 1975; Walker 1984; Smellie 1988 Smellie , 1989 or a series of regionally induced intersecting faults (Smellie 2001; Smellie et al. 2002) or (2) the caldera would correspond to a volcanic-tectonic depression formed progressively by passive (non-volcanic) extension along sets of faults linked to the regional extension that is unrelated to any specific caldera-forming eruptive event (Martí et al. 1996) . The morphological features of Deception Island (the existence of a depression in the centre of the island, the apparent circular shape of the caldera rim, the location of post-caldera vents along the edge of the depression, etc.) support the former idea. However, its tectonic structure and the epicentral location of its seismicity on the main structural trends (Vila et al. 1992; Martí et al. 1996; Ibañez et al. 2003; Fernández-Ibañez et al. 2005; Maestro et al. 2007; Zandomeneghi et al. 2009; Carmona et al. 2010) suggest that strong tectonic control in the formation of the caldera and the post-collapse evolution of the island has taken place (Martí et al. 1996; Smellie et al. 2002) .
To date, a detailed event chronology and assessment of the caldera's origin and volcanic evolution is still lacking. However, based on new fieldwork conducted during the austral summer of 2010-2011 and a revision of the existing information gathered by previous geological and geophysical studies, we propose here an internally consistent model for the formation of the caldera. In this contribution, we (1) identify the part of the stratigraphic succession that is clearly related to the formation of the caldera, (2) determine the role that the pre-caldera tectonic structures played in the formation of the caldera, (3) analyse the dynamics of the calderaforming eruption based on the sedimentological characteristics and petrology of syn-caldera deposits, and (4) discuss the influence of the caldera structure and its geothermal system on its current activity.
Geological setting
Deception Island is located at the south-west end of the Bransfield Strait, a young (< 1.4 Ma), < 60-km-wide, 500-km-long marginal basin that separates the South Shetland Islands from the Antarctic Peninsula (Fig. 1) . This strait is a back-arc basin of the South Shetland Islands volcanic arc ( Fig. 1) , which was formed as a consequence of the Phoenix plate subduction under the Antarctic plate during the upper Mesozoic-Cenozoic interval (Dalziel 1984) . This convergence ceased 3.3 Ma ago when the Phoenix plate stopped spreading ( Fig. 1) (Lawver et al. 1996; Livermore et al. 2000) . The opening of the Bransfield rift generated a new microplate, the South Shetland Plate (Fig. 1) , bounded by the Shackleton and Hero Fracture Zones to the east and west, respectively, by the South Shetland Trench to the north and by the Bransfield rift to the south. The Bransfield basin has a characteristic graben structure, with tilted blocks and rotational faults developed in a regime of continental extension (Jefffers and Anderson 1990; Gracia et al. 1997; Vaun et al. 2005) . The edge of the Bransfield basin is defined by a spreading centre with which Deception, Penguin and Bridgeman islands and a number of submerged volcanic vents are associated. Deception Island is located near the intersection between the tensional axis of the Bransfield basin and the extension of the Hero Fracture Zone (Fig. 1) .
Deception Island corresponds to a composite volcanic complex, the construction of which was truncated by the formation of the central caldera (Fig. 2 ). All exposed rocks have normal magnetic polarity, indicating that they are less than 0.75 Ma (Valencio et al. 1979) . On the basis of K-Ar data, Keller et al. (1991) indicate that most of the subaerial part of the island was built in the last 0.2 Ma, while Smellie (2001) , based on a correlation between the Deception Island deposits and the tephra found elsewhere in the region, suggests that all the exposed rocks appear to be late Pleistocene-Recent (probably < 100 ka). The lack of geochronological data from the Deception Island rocks and the fact that none of the tephra studies conducted in the Antarctic region (see Pallas et al. (2001) ; Smellie 1999) has been able to identify deposits related to the formation of the caldera prevent establishing a precise age for this event. However, assuming that most of Deception Island corresponds to the pre-caldera shield structure and that only post-caldera tephra of middle Holocene age to present has been recognised in the tephrochronological studies of the Antarctic region (see Smellie (1999) and references herein), we speculate that the formation of the caldera could have occurred in late Pleistocene-early Holocene.
Methodology
This study included new fieldwork, the aim of which was to (1) identify and characterise the stratigraphy of the calderaforming units, (2) revise the tectonic structure of Deception Island and (3) collect samples for petrological study. Fieldwork was conducted during the austral summer of 2010-2011; all information collected was digitalised and entered into a database using an open-source GIS framework (QGIS, www.qgis.org) with, as a cartographic base, a panchromatic orthophoto with a spatial resolution of 0.6 m per pixel and projection UTM, datum WGS84, zone 20 South.
We analysed the whole rock and mineral chemistry of all the samples collected, which included the full stratigraphic Fig. 2 Simplified geological map of Deception Island (modified from Martí and Baraldo (1990) and ) and location of the analysed rock samples succession of Deception Island; nevertheless, only the results corresponding to the samples from the caldera-forming units are given in this study. The whole rock analyses were performed by the GeoAnalytical Laboratory at Washington State University using X-ray fluorescence (XRF) and inductively coupled plasma mass spectrometry facilities. With XRF, the relative error of the measurements is under 1 % for both major and trace elements, under 5 % for the REE and under 10 % for the remaining trace elements. Chips of juvenile samples were mounted in epoxy resin, polished and then analysed for major elements of mineral phases and groundmass with a CAMECA SX-50 electron microprobe at Barcelona University. The combination of silicates and oxides was used for calibration. A 20-μm-diameter defocused beam was used for groundmass analyses in order to minimise Na migration.
Stratigraphy
Previous stratigraphic studies of Deception Island essentially only considered whether the rock units pre-or post-date the formation of the caldera (see Hawkes 1961; González-Ferrán and Katsui 1970; Baker et al. 1975; Smellie 1988 Smellie , 1989 Smellie , 2001 Martí and Baraldo 1990; Birkenmajer 1992; Baraldo and Rinaldi 2000) . By means of a comparison of previously published stratigraphic successions, Smellie (2001) offered a detailed revision of the stratigraphy of Deception Island and formally defined its stratigraphic units. In this study, however, we use a simplified version of Smellie's stratigraphy-a comprehensive description of the lithostratigraphy of Deception Island is found in the original work (Smellie 2001) .
The oldest pre-caldera succession is clearly unrelated to the formation of the caldera and corresponds to most of a nowsubmerged volcanic shield, in which different eruptive cycles and vents can be distinguished (Smellie 2001) . Several successions of volcanic rocks, mainly of mafic composition with unconformable contacts between them, were constructed. Although Smellie (2001) distinguished different discordant units in the pre-caldera sequence, we propose here a simplification and thus group all of these units in the shield building phase or basaltic shield formation (BSF) given that their eruption dynamics, products and stratigraphy do not differ (Fig. 3) . Most of these units correspond to lava flows and different types of Strombolian deposits and hyaloclastitic breccias, mainly palagonitised and indurated by alteration processes. The basal boundary is not exposed but probably corresponds to an unconformable contact with CretaceousTertiary consolidated sedimentary and volcanic rocks and/or unconsolidated and poorly consolidated pre-Quaternary marine sediments deposited on the submerged South Shetland Islands platform (Ashcroft 1972; Grad et al. 1992; Smellie 2001) .
A thick succession of palagonitized pyroclastic density current (PDC) deposits of mafic-to-intermediate composition, known as the Outer Coast Tuff Formation (OCTF) (Hawkes 1961; Smellie 2001) , overlays unconformably these shield-related units and forms an almost continuous outcrop along the outer part of the island extending from Macaroni Point to Vapour Col and inland around and inside Port Foster (Figs. 2 and 3) . The OCTF is formed by several units of massive yellow tuff, each 1-15 m in thickness, which are characterised by a lack of internal stratification, flat bases and existence locally of incipient columnar jointing (Smellie 1988 (Smellie ,1989 Martí and Baraldo 1990) (Fig. 4a) . These deposits are poorly sorted and contain abundant lithic clasts (up to 35 %) of basalt and basalticandesite derived from the BSF, together with vesiculated, porphyric juvenile pyroclasts of similar compositions, ranging in size from fine lapilli to bombs (Fig. 4b) . Juvenile vesiculated fragments are sometimes flattened. Lithic blocks up to 50 cm in diameter are common throughout the OCTF and are conspicuous as thick lenses repeated at several levels in which the content of lithic clasts is as high as 80 %; the rest of this deposit has a matrix similar to that of the other OCTF deposits (Fig. 4c) .
The populations of lithic clasts in the OCTF deposits differ between sectors of the island. These lithic-rich units contain abundant gabbroic xenoliths. The matrix of the OCTF pyroclastic deposits comprises small lithic clasts originating from the BSF rocks, crystal fragments and devitrified glass shards. The morphology of the glass shards and juvenile scoria fragments is angular, sometimes blocklike. A number of finely laminated layers, occasionally with well-stratified, poorly sorted, lapilli-to ash-grained deposits, appear interbedded and in stratigraphic continuity with the massive deposits. These interbedded deposits are also very lithic rich and occasionally have cross-stratification. No major discontinuities that might suggest the existence of a break in the deposition in the order of 10-100 years or more are present in this pyroclastic sequence. Due to their characteristics, the massive PDC deposits can be classified as ignimbrites, while the grain size distributions and sedimentary structures of the interbedded laminated deposits suggest that all are derived from dilute pyroclastic surges. The lithicrich units are interpreted as co-ignimbrite lithic breccias associated with the emplacement of the pyroclastic flows.
The OCTF PDC deposits are well exposed on the northern and western coasts, where they form a 16-km long continuous cliff in which individual deposits exhibit a remarkable continuity and nearly constant thickness (only a very gentle dip of up to 5°toward the exterior of the island) (Fig. 2) . Discontinuous outcrops of OCTF rocks exist in other sectors of the outer part of the island, as well as inland around Port Foster at Stonethrow Ridge, Telefon Ridge, Vapour Col, Mount Kirkwood, Cathedral Crags and Whalers Bay (Fig. 2) . On the outer coast, the OCTF has an average thickness of 45-60 m, reaching a maximum of 90 m at some points, while around Vapour Col, where the base and top of the OCTF are well exposed, it has a total thickness of 92 m.
The OCTF succession is cut by the borders of the caldera and is overlaid unconformably by discontinuous sequences of post-caldera deposits related to different vents, most of them located inside or around the caldera depression (Fig. 3) . The post-caldera volcanism can be subdivided into different members of stratigraphic relationships not discussed in this work (see Smellie (2001) for more detail).
The presence of abundant fragments of OCTF as lithic clasts and ballistic blocks emitted by some of the many postcaldera vents that border Port Foster is remarkable (Figs. 2 and 4d, e) and indicates that the OCTF is also present in the collapsed sector of Deception Island. The existence of intracaldera OCTF rocks is also confirmed by several seismic reflection profiles and tomographic studies that were obtained from inside Port Foster (see below), which provide information on the stratigraphy and tectonics of the infill sequence (Grad et al. 1992; Rey et al. 1995; Martí et al. 1996; Ben-Zvi et al. 2009; Zandomeneghi et al. 2009 . Luzón et al. 2011 ).
Petrology and geochemistry
Most of the OCTF juvenile fragments correspond in size to lapilli and are highly vesicular, glassy fragments with a crystal content of 3-14 %, and have phenocryst assemblages of various proportion and composition. Although most of these juvenile components range in size from several centimetres to just a few millimetres, a few bomb-size clasts with angular Fig. 3 Synthetic stratigraphic section of Deception Island indicating at the sides of the stratigraphic log the divisions proposed in previous studies (on the left) and the present work (on the right). a Detail of the Basaltic Shield Formation at Fumarole Bay (see Fig. 2 for location). b Image of the Vapour Col succession illustrating the uncomfortable contact between the syn-caldera and post-caldera deposits (see Fig. 2 for location) . c Example of post-caldera deposits at Vapour Col (see Fig. 2 for location)
shapes have also been found. Occasionally, these juvenile components have fluidal textures and stretched gas bubbles (vesicles). The juvenile lapilli fragments contain small-sized (< 2 mm) phenocrysts of intermediate plagioclase, augite and hypersthene pyroxenes, fayalite olivine, magnetite and ilmenite (Table 1) . Plagioclase phenocrysts are euhedral to subeuhedral, exhibit multiple twining and are occasionally zoned (normal and reverse zonings). Olivine phenocrysts are always rounded and on some occasions have embayments, thus suggesting a certain disequilibrium with the liquid. Pyroxene phenocrysts are euhedral to sub-euhedral and commonly have internal fractures. Magnetite and ilmenite phenocrysts are always euhedral. The groundmass that surrounds the phenocrysts is formed of small crystal fragments and completely devitrified pseudomorphs of vitroclasts. Application of the clinopyroxene-glass geobarometre (Putirka 2008) gives a pressure in the order of 150-200 MPa, equivalent to a depth of 4-6 km. All the OCTF deposits underwent a palagonitic alteration that endowed them with their characteristic yellowish colour. This alteration has been interpreted as largely derived from the reaction with a pore-fluid, largely corresponding to water vapour that was incorporated into the system whenever the erupting magma interacted with an external water source (Martí and Baraldo 1990) . This alteration particularly affected the vitric fragments but left the phenocrysts unaltered. The main alteration products are smectites, Fe oxides, zeolites (chabacite, analcime, phillipsite and faujacite) and calcite, which replace the vitric components and fill the gas vesicles (Martí and Baraldo 1990) .
The OCTF pyroclastic deposits are characterised by a relatively high content (up to 35 %) in lapilli-sized lithic fragments that mostly consist of BSF-derived fragments. These are easily separable from the OCTF juvenile clasts by their rounded shape, microlitic texture and mineralogy. Moreover, a number of gabbroic xenoliths have also been found in these pyroclastic deposits, above all in the coignimbrite lag breccias. These xenoliths range from olivine gabbros containing olivine, plagioclase and minor clinopyroxene and amphibole to pyroxene gabbros with plagioclase, clinopyroxene and magnetite and have been interpreted as co-magmatic with the OCTF juvenile magma (Risso and Aparicio 2002) . Other xenoliths of felsic composition have also been found and are thought to be accessory lithic fragments, probably derived from the underlying granitic basement (Risso and Aparicio 2002) .
The results of the whole rock analysis of the OCTF rocks are given in Table 2 . Although the original compositions may have been partially altered due to the palagonitization of the original glass (which would have caused a decrease in silica and CaO and an increase in alkalis), major element geochemistry of the OCTF juvenile components reveals a consistent differentiation trend from basalts to andesites, also compatible with the mineralogical assemblages found in these rocks ( Fig. 5 ; Tables 1 and 2 ). This suggests the presence of a compositionally zoned magma chamber, whose existence is confirmed by some of the trace elements and the REE, which, having remained practically intact, provide good indications of the original composition of these rocks. However, this zonation trend does not have a stratigraphic correspondence as these different compositions coexist throughout the entire succession of the deposits. In addition to the thermal disequilibrium observed in the mineralogy of some juvenile fragments (e.g. normal and reverse zoning in some plagioclase phenocrysts and embayments in olivine phenocrysts), these fragments also contain textures-resulting from the mingling of magmas-in the form of flow banding with bands of different composition (basaltic and andesitic).
Tectonic structure
In previous works that used field geology, remote sensing and geophysical studies, several regional and local tectonic trends have been identified on Deception Island (Smellie 1988 (Smellie , 1989 Rey et al. 1995; Martí et al. 1996; González-Casado et al. 1999; Fernández-Ibañez et al. 2005; Maestro et al. 2007; Barclay et al. 2009; Zandomeneghi et al. 2009; Carmona et al. 2010) . Although some of these trends are clearly visible in the field, others can only be inferred or correspond to more local effects such as gravitational loading during the construction of the post-caldera cones. This has caused some confusion and it remains unclear whether all these trends are realistic or whether they have any relationship with the tectonic evolution of the island; as a result, certain unexplained discrepancies between different studies exist. In order to minimise this problem, part of our fieldwork was designed to identify those structures that are recognisable in the field (Fig. 8 ). In addition, we incorporated into our structural revision the tectonic features that have been clearly identified in the seismic profiles conducted inside the caldera depression and around Deception Island (Rey et al. 1995; Martí et al. 1996; Barclay et al. 2009) .
A NE-SW-oriented regional tectonic trend, almost parallel to the expansion axis of the Bransfield Strait, is clearly predominant on the island (Fig. 6) ; NW-SW-and N-Soriented faults are also present. Several of the post-caldera tuff cones formed around the caldera border are highly fractured and faulted and show structural trends that are not always compatible with the main trends (González-Casado et al. 1999; Maestro et al. 2007; Paredes et al. 2006 Paredes et al. , 2007 corresponding to gravitational faults originated by the rapid growth (loading) of these phreatomagmatic edifices.
Bathymetric and shallow seismic reflexion studies carried out inside the caldera depression and around the island (Rey et al. 1995; Martí et al. 1996; Barclay et al. 2009 ) reveal that the infill sequence was affected by a welldeveloped NE-SW-oriented linear fracture system that has developed half-graben structures; this corresponds to the fracture system identified inland and offshore. Also of note is the presence of some tectonic and volcanic alignments inside Port Foster and around the island that are not parallel to the main alignments and appear to have a radial component ).
In addition, the few dykes that have been identified on Deception Island are always of mafic composition and intrude along NE-SW-and NW-SE-trending linear regional faults affecting both the pre-and post-caldera sequences. Occasionally, dykes are composite and have brittle deformations that suggest post-intrusive tectonic extensions (Fig. 4f) . Table 2 Chemical analyses of the syn-caldera (Outer Coast Tuff Formation) juvenile fragments collected for this study (see Fig. 2 
Geophysical studies
In addition to the bathymetric and shallow seismic reflection data mentioned earlier, other geophysical studies have provided relevant data for the purpose of this study. The available bathymetric data show that the floor of Port Foster is morphologically regular, as indicated by the continuity of the bathymetric lines (Rey et al. 1992) . It is characterised by the presence of a littoral platform with an average width of 700 m. A break of slope on the platform occurs at a depth of 50-60 m and is followed by a steep incline down to a depth of 120 m. Beyond this point, the floor of the bay is uniform and dips gently inward to reach a maximum depth of 195 m in its centre. A few submerged volcanic edifices or sedimentary structures disturb locally the uniformity of the floor of the depression. The bathymetry of the floor shows no topographical evidence for localised resurgence as proposed by Cooper et al. (1998) but does reveal a broad uplift of the eastern side of the caldera, which could have been caused either by high sediment supply rates from the east of the island or by a trap-door caldera deformation with its minimum subsidence in the east ). Luzón et al. (2011) describe the shallow velocity structure at nine different sites around Port Foster using correlations of ambient seismic noise (Fig. 7a) . They concluded that the structure beneath these sites consists in the first 400 m of two layers with thicknesses of about 100 and 300 m and S-wave velocities around 0.2-0.8 and 0.7-1.1 km/s, respectively, which they interpret as being postcaldera deposits composed of relatively soft pyroclastic layers and sediments with different degrees of compaction. Given that all the sites studied by Luzon et al. (2011) are located at the margin of the caldera depression, these deposits should correspond to either debris avalanche deposits formed by the gravitational collapse of the caldera wall, post-caldera volcanic deposits or scree and alluvial fan deposits. A further increase in the S-wave velocity indicates the position of the transition between these soft sediment Smellie et al. (2002) layers and the harder 1-1.2-km-thick layers that lie above the rock units with S-wave velocities up to 4.5 km/s. Previous studies have revealed that the seismostratigraphic succession at Port Foster also consists of three main geophysical units characterised by similar S-wave velocities. The lower unit corresponds to a velocity region of 4.5 km/s that represents the basement of the Port Foster depression (Grad et al. 1992; Ben-Zvi et al. 2009 ). The middle unit is a 1.2-km-thick layer of 2.5-3.5 km/s assumed to correspond to consolidated pyroclastic material (Ashcroft 1972; Grad et al. 1992; Ben-Zvi et al. 2009 ). The upper unit is formed of a <100-m-thick succession of low velocity post-caldera sediments and recent volcanic deposits produced during the final eruptions (Rey et al. 1995 (Rey et al. , 2002 Ben-Zvi et al. 2009 ). The Port Foster infill sequence is occasionally discontinuous, highly fractured and intruded by several dykes (Grad et al. 1992; Rey et al. 1995) .
Recent seismic tomography studies on Deception Island Zandomeneghi et al. 2009 ) have found a pronounced low-velocity anomaly beneath Port Foster that extends to a depth of 5.5 km and reaches its maximum velocity perturbation at a depth of 1-2 km. The presence of this low-velocity zone represents a combination of, on the Simplified structural map of Deception Island and surrounding areas indicating the main tectonic lineation identified in the field (this work) and also in bathymetric ) and seismic (Rey et al. 1995; Martí et al. 1996) studies (see text for more explanation) Fig. 7 a Sketch of the S-wave velocity structures derived at sites along the inner coastline of Deception Island. Only the well-constrained layers combined with a volcanostratigraphic interpretation of the deposits are shown (modified from Luzón et al. (2011) ). b Sketch illustrating the main parameters used to estimate the caldera depression volume, as well as the extraand intra-caldera volume of the Outer Coast Tuff Formation one hand, low-velocity post-caldera sediments infilling Port Foster overlaying a 1.2-1.4-km-thick layer of 3.5 km/s underlain by a higher-velocity region of 4.5 km/s (Grad et al. 1992; Ben-Zvi et al. 2009 ) and, on the other, the existence of high temperatures and partial melt ). As a result of this interpretation of the seismic data Zandomeneghi et al. 2009 ), the occurrence of a 1.2-1.4-km-thick sedimentary layer above a large magma chamber extending downwards from 2 km to at least 5 km in depth has been proposed. These authors indicate that, despite the low velocities (which may also be due to the presence of high temperatures or of altered or fractured rocks), the magnitude of the anomaly is consistent with the presence of a significant volume of partial melt. Similar conclusions are reached by Pedrera et al. (2013) on the basis of a magnetotelluric survey and topographic parametric sonar data.
Discussion

Stratigraphy
On the basis of stratigraphic relationships and volume calculations, Smellie (2001) and Smellie et al. (2002) suggested that there is a genetic relationship between the OCTF and the formation of the Deception Island caldera. This contradicts the model described by Martí et al. (1996) , who proposed that, due to passive collapse imposed by regional tectonics, the caldera formed a long time after the deposition of the OCTF. Our field revision detailed earlier confirms that the OCTF rocks, which are cut by the caldera border, constitute the only stratigraphic unit that can account for a caldera-forming eruption. This conclusion is reinforced if we accept that the seismic stratigraphy inside the caldera depression is composed of an uppermost layer of unconsolidated post-caldera deposits, a thick intermediate layer corresponding to the OCTF rocks and a basement formed by the BSF rocks (Fig. 7a) . According to this description, the presence of the OCTF rocks both outside and inside the caldera depression, the significant variation in thickness found at each site and the fact that they are unconformably overlaid by the first post-caldera deposits all suggest that the OCTF was deposited synchronously with the main phase in the formation of the caldera, as suggested by Smellie (2001) . The caldera collapse may have occurred somewhat after the deposition of the OCTF and/or the original caldera border may have been enlarged by erosion since some of the earlier post-caldera deposits have also been cut by the caldera. We found no evidence of collapse breccias that could have formed as a result of the instability of the recently formed caldera border (see Lipman 1976) ; nevertheless, they could be buried by post-caldera volcanism, particularly near the caldera border where the succession of post-caldera deposits is much thicker as has been revealed by previous geophysical studies (see Luzón et al. 2011) . Therefore, in the context of a volcanic-stratigraphic analysis, we conclude that the thick pyroclastic succession of OCTF should definitively be interpreted as the caldera-forming unit, as was suggested by Smellie (2001) and Smellie et al. (2002) .
Volume of deposits and caldera volume
The total volume of the caldera depression and, consequently, the size of the eruption correspond to the sum of the volume of the caldera-forming deposits emplaced inside and outside the caldera depression. The volume of the caldera depression can be estimated by multiplying the size of the structural caldera surface by the maximum vertical displacement of the topmost pre-caldera units affected by the caldera collapse. Part of this volume is occupied by caldera-forming deposits emplaced in the depression while it was forming and by post-caldera sediments emplaced afterwards. The remaining part of the caldera is empty and is now occupied by seawater. The volume of this empty part of the caldera plus the volume corresponding to post-caldera deposits should correspond to the volume of syn-caldera deposits emplaced outside the caldera.
The exact distribution and variation in the thickness of the extra-caldera OCTF rocks deposited inland is not known since they have been partly eroded and/or covered by postcaldera products. As well, most of the OCTF deposits were emplaced offshore or inside the caldera depression, and so their exact thickness and distribution can only be inferred by indirect geophysical methods (see Grad et al. 1992; Rey et al. 1995; Ben-Zvi et al. 2009; Luzón et al. 2011 ). However, a first-order estimate of the volume of the caldera depression and that of the OCTF can be obtained if a few simple assumptions are made.
The present morphological border of the caldera encloses a surface area of approximately 82 km 2 but cannot be used to estimate the volume of the caldera given that there is clear evidence that it has been enlarged by erosion. Instead we have to use the structural limits of the caldera, which theoretically correspond to the original limits of the caldera depression. The structural limits of the Deception Island caldera are not visible but, as part of a first-order approach, can be inferred by joining together the post-caldera vents surrounding the caldera depression that contain erupted blocks of OCTF rocks (Fig. 2) . The resulting structural border, with an irregular polygonal shape in which most of the sides correspond to the main fractures or structural trends that have been verified in this study (Fig. 6) , encloses an area of approximately 50 km 2 (Fig. 7b) , 65 % smaller than the current morphological size of the caldera. The highest point of the caldera border at which we have found BSF rocks lies SW of Entrance Point (Fig. 2) at an altitude of 322 m a.s.l. The present floor of Port Foster Bay in the centre of the depression is located at a depth of 180 m b.s.l. but becomes progressively shallower toward its edges. Previously presented geophysical data (Grad et al. 1992; Ben-Zvi et al. 2009 ) suggest that the thickness of the intracaldera deposits overlaying the pre-caldera basement in the centre of the depression is about 1.28 km. Therefore, the total vertical displacement suffered by the Deception Island caldera was 1.78 km (322+180+1,280 m) , and the total volume of the resulting depression was 89 km 3 . The bulk volume of extra-caldera OCTF deposits should be equivalent or a little bit larger than the total volume of the caldera minus the bulk volume of the intra-caldera OCTF deposits. If the thickness of the intra-caldera OCTF deposits is about 1.2 km, the volume of the intra-caldera OCTF deposits will be in the order of 60 km 3 , which gives a remaining volume for the depression of nearly 29 km 3 . To calculate the volume of the extra-caldera OCTF, first, we have to estimate the volume of the outcropping deposits. Although the OCTF deposits are only exposed as a continuous outcrop along the north-western part of the outer coast, they also appear as smaller and discontinuous outcrops, overlaying unconformably the BSF, at other points of the outer coast (e.g. Macaroni Point) and inland (e.g. Cathedral Crag) (Fig. 2) . Even though in some cases the OCTF in these outcrops is only a few metres thick (probably due to extensive erosion), this distribution still indicates that the OCTF was emplaced radially over nearly the whole of the island. If we also take into account the continuity of the main OCTF outcrop (about 16 km), as well as its nearly constant thickness and flat dip, characteristics that are also observed in other outcrops (e.g. Vapour Col), it is logical to assume that the OCTF covered Deception Island with a mantle of more or less of constant thickness. Assuming an average thickness of 90 m (corresponding to the thickness measured in the outcrops where the OCTF is well exposed such as on the outer coast and at Vapour Col) and a mean diameter of 13 km for the whole island and of 8 km for the caldera depression, the part of the OCTF emplaced on the currently emerged part of Deception Island can be estimated to have a total volume of 7.4 km 3 . The outside of Deception Island has been deeply eroded by the sea, and so an important part of the original OCTF volume has been removed. Due to a lack of precise seismic and bathymetric information, we were not able to perform an accurate estimate of the extent of the offshore OCTF deposits and their average thickness. However, we can calculate the original subaerial part that has been removed by marine erosion from the dimensions and geometries given in Fig. 7b (assuming that the island has suffered no significant isostatic movements after the caldera formation). This gives a total volume of about 2 km 3 . In addition, we should estimate the volume of the material expelled into the atmosphere and transported far from the vent by the ash clouds that accompanied the emplacement of the pyroclastic gravity currents; this corresponds to about 15 % of the total erupted volume if we compare the crystal content of the juvenile fragments with that of the matrix, following Walker (1972) . Assuming that the total volume of erupted material was equivalent to the original volume of the caldera depression, this means that the volume of missing material will be in the order of 13 km 3 (89 km 3 ×0.15) If we sum all the calculated partial bulk volumes, we obtain a minimum volume for the extra-caldera OCTF of about 23 km 3 , which is a little less than the volume of the caldera depression that was not infilled with intra-caldera OCTF deposits. If we could add to the calculated volume of extra-caldera deposits the submarine part of these deposits, we believe that the total volume of the extra-caldera deposits would match that of the non-infilled part of the caldera depression.
If we assume an average lithic content of 30 % in the OCTF deposits, we reach a figure of about 26 km 3 for the total bulk volume of the caldera-forming products corresponding to the host rock that was excavated during the eruption and incorporated into the OCTF deposits as lithic fragments; the rest would account for the volume of magma erupted during the caldera event. This means that the eruptible magma had a volume of at least 63 km 3 (89 km  3 -26 km 3 )-or a little less-if we transform these values into DRE. Compared to other collapse calderas (see Geyer and Martí (2008) and http://www.gvb-csic.es/CCDB.htm), the Deception Island caldera should thus be classified as a medium-sized caldera of similar dimensions to that of Krakatau and Santorini.
The Deception Island caldera-forming eruption was large enough to have produced a layer of pyroclastic material that should be recognisable in marine sediments and in ice records from the area. Nevertheless, previous studies of tephra deposits have failed to identify any such material (Pallàs et al. 2001; Fretzdorff and Smellie 2002) . The identification of this marker would provide crucial information for dating this important eruption and for correlating the different stratigraphic sequences whilst improving knowledge of the time-scale of the volcanic and geodynamic pulses in the Bransfield Strait.
Eruption dynamics
Our results suggest that although the erupted magma came from a compositionally zoned magma chamber, this zonation was not preserved during magma withdrawal, thereby suggesting that different parts of the magma chamber were simultaneously withdrawn. Smellie et al. (1992 Smellie et al. ( , 2002 suggest that the eruption of the OCTF involved the interaction of two magma series and that the influx of fresh magma into a stratified magma chamber might have been responsible for destabilising the chamber and for triggering the OCTF eruption. Despite its limitations, our geochemical and mineralogical data appear to confirm this hypothesis. However, we are unable to confirm whether the basaltic magma identified in our study is the basic member of the differentiation system or whether it represents a fresh input of magma intruded into a compositionally stratified andesitic magma chamber. The presence of normal and reverse zoning in some plagioclase phenocrysts and of embayments in the olivine phenocrysts suggests the existence of thermal disequilibrium in the magma chamber prior to the eruption, which might indicate the intrusion of fresh magma. However, there is no evidence of chemical mixing, and so the time elapsed between the intrusion and the eruption must have been relatively short and probably only allowed for physical mingling. Evidence for mingling between the magmas in the pyroclasts indicates a disequilibrium interaction that may have occurred during the eruption, as is shown in magma recharge and withdrawal models of calderaforming eruptions (Folch and Martí 1998; Folch et al. 2001) .
The lack of internal stratigraphic discontinuities indicates that most of the OCTF sequence formed in a very short period of time, probably during a single eruptive event. The distribution of the deposits over the whole island, the continuity of some of these units and their relatively constant thickness all suggest that the OCTF was emplaced radially from the caldera borders, mantling older deposits (BSF) and progressively infilling the caldera depression.
The OCTF is entirely composed of deposits originating from pyroclastic density currents and no associated fallout deposits have been identified. Massive, lithic-rich, thick ignimbrites are predominant and contain a number of interbedded pyroclastic surge units in stratigraphic continuity. This suggests that the eruptions responsible for their generation immediately developed into massive proportions, thereby causing the continuous collapse of the mixtures of gas and pyroclasts before they developed into stable eruption columns. This process was favoured by the incorporation of a large amount of lithic fragments into the eruptive mixture, which, in addition to increasing its density, also lowered its temperature (see Martí et al. (1991) ) and thus reduced its ability to incorporate and expand atmospheric air at the vent that would have helped establish buoyant columns. The consistent and large amount of lithics found in these pyroclastic deposits suggests as well a continuous opening/erosion of the eruption conduits, which would also have contributed to the instability of the eruption. Although most of the lithic clasts are rounded, the juvenile scoria fragments are angular, which suggests that, on the one hand, no abrasion of the lithic clasts occurred during the emplacement of the PDCs but that, on the other, there was strong friction between these clasts in the conduit. The coignimbritic lag breccia deposits that appear interbedded and on top of the main OCTF sections (outer coastline and Vapour Col) are rich in co-magmatic lithics, which suggests that there was significant erosion of the deeper part of the feeding systems, which probably also affected the magma chamber.
The hydrovolcanic nature of some of the OCTF deposits-the product of a magma/water interaction-still remains to be explained. Smellie (2001) and Smellie et al. (2002) identified a number of changes in sea level during the evolution of Deception Island that suggest that while the upper part of the BSF was entirely subaerial, the earliest volcanic episodes in the island's geological record were submarine. These authors proposed that at the time of the caldera-forming eruption, the sea level was higher and so most of the OCTF were below sea level, which would explain why water was able to flood the erupting conduits. However, the lack of hydrovolcanic fragmentation in some of the deposits suggests that the magma/water interaction was not continuous during the whole caldera-forming eruption, which would contradict the theory of a submarine environment for the eruption. Alternatively, occasional magma/water interaction could have been favoured by a number of factors: the existence of marine intrusion into the basaltic shield, the entrance of sea water into the eruption conduits through the faults that controlled the caldera collapse, the melting of an ice cap or even the opening of the collapsing caldera into the sea due to a failure of the volcanic edifice in its southern sector (Entrance Point). In addition, the lack of stratigraphic evidence such as marine terraces would seem to rule out a submarine caldera-forming eruption, and so we suggest that the caldera eruption mostly occurred in a subaerial environment.
Structural controls on caldera collapse
Contrary to the conclusions of a number of previous studies (e.g. Hawkes 1961; González-Ferrán and Katsui 1970; Baker et al. 1975; Walker 1984; Smellie 1988 Smellie , 1989 , Deception Island is neither a classical ring fault caldera nor a tectonic depression formed by the passive foundering of intracaldera blocks (Martí et al. 1996) . As already inferred by Smellie (2001) and Smellie et al. (2002) , the island in fact corresponds to a volcanic-tectonic caldera formed during the massive emptying of a shallow magma chamber, in which the caldera subsidence was completely controlled by pre-existing faults.
Most of the Deception Island faults and fracture systems are compatible with the NW-SE oblique extension of the Bransfield Strait and affect both pre-and post-caldera rocks, thereby indicating that they have controlled the location of volcanic activity since the beginning of the construction of Deception Island up to the present day. Although more local tectonic effects caused by the inflation of a shallow magma chamber and subsequent caldera formation could also have occurred (Smellie 2001; Smellie et al. 2002; , there is no doubt that the faults that controlled the caldera collapse are related to the main regional trends. Examples of collapsed calderas of different sizes in which tectonic control plays an important part are not uncommon (Martí 1991; Branney and Kokelaar 1994; Aguirre-Díaz et al. 2008; Acocella 2010) . The same structural framework that controlled the formation of the Deception Island caldera is still controlling tectonic seismicity and deformation at present as can be deduced from recent geophysical studies (Berrocoso et al. 2008; Carmona et al. 2010) .
The existence of a well-defined pre-caldera orthogonal fault system that affected the entire island, as well as the characteristics of the OTCF succession, accounts for a rapid, strongly fault-controlled caldera collapse episode (Fig. 8) , in which different caldera blocks subsided more or less synchronously into the magma chamber. The fact that some of these faults are visibly affecting pre-and post-caldera sediments in the seismic profiles carried out inside Port Foster (Rey et al. 1995) also supports this idea. Moreover, the concentration of lithic fragments of different composition and provenance in units of the OCTF located at opposite sites on the island also give credence to the idea of the opening of different vent fractures. However, the rapid deposition of post-caldera materials into the Port Foster depression buried the topographically irregular caldera floor under a homogenous carpet that has been shown to be relatively flat by bathymetric surveys. The fact that the Deception Island caldera is bounded by pre-existing tectonic faults rather than by a ring fault suggests that both the emplacement and extent of the magma chamber were also controlled by these faults. Although the timing of caldera collapse with respect to the eruption of the OCTF is unclear, the presence of considerably thicker OCTF deposits in the form of caldera infill suggests that it started earlier in the eruption. This agrees with the fact that in tectonic calderas, caldera collapse tends to occur earlier in the process given that the conduits through which the magma will escape from the chamber have already been formed ). The whole OCTF sequence is cut by the caldera border and is overlain unconformably by localised tuff cone deposits that formed after caldera subsidence. Some of these deposits (e.g. Vapour Col) are also cut by the present caldera border, thereby indicating that either caldera subsidence continued for some time after the caldera eruption or the caldera border has retreated due to subsequent erosion.
Current subvolcanic system
The seismic tomography model presented by Ben-Zvi et al. (2009) and Zandomeneghi et al. (2009) invokes the presence of a 150-km 3 magma reservoir at a very shallow depth (2-5 km). This is also supported by Pedrera et al. (2013) on the basis of a magnetotelluric study. However, the results of our study and other previous studies of caldera formation are inconsistent with such a model. First, caldera collapse episodes tend to empty all the eruptible magma from the associated magma chamber (Martí et al. 2000) . As a result, the magma chamber is either partially or totally destroyed. This causes a significant change in the stress field, which in turn will lead to a change in the mechanical conditions for magma accumulation at the same depth. In fact, when a collapse caldera forms, it is mechanically difficult to return to the same stress conditions as before in order to create a new magma chamber of the same extent and volume as the previous one ). In the case of Deception Island, the formation of the collapse caldera caused the structural perturbation of its central zone to a depth of 4-5 km, giving rise to a highly fractured pre-caldera basement, now covered by a thick pile of syn-and post-caldera deposits. The depth reached by the caldera fracturing can be estimated by considering the depth (4-6 km according to the petrological data) at which magma accumulated before the caldera eruption, which would correspond to the depth given in this study. After the caldera was formed, this highly fractured zone was almost certainly intruded by deeper magmas that fed the post-caldera volcanism and caused a thermal perturbation of the rocks below Port Foster. In addition, this whole zone developed a geothermal system that hydrothermally altered all the rocks above and significantly reduced their strength. This is probably the main reason for the low seismic velocities and high conductivities observed. Furthermore, the volume of magma-around 150 km 3 -that, according to tomographic studies Zandomeneghi et al. 2009 ), would have accumulated in this low-velocity zone is nearly three times the volume of magma that caused the caldera eruption and so is clearly unrealistic. The geothermal system of Deception Island is very active and shows clear signs of activity including fumaroles, seismic tremors and other long-period signals, as well as inflation and deflation episodes, which indicate a high permeability of the medium and little chance of retaining such a large amount of over-pressurised magma for long periods of time. Finally, the eruptions that have occurred on Deception Island during the post-caldera period have all small volumes (0.01-0.1 km 3 ) of magma which, given the improbability of having been fed by a large magma chamber, are more likely to be linked to small batches of magma that fed each eruption individually.
Conclusions
Deception Island is a complex volcanic system formed on the spreading axis of the Bransfield Strait (Antarctica). Its whole evolution has been controlled by the action of regional tectonic lineaments formed in response to the back-arc geodynamics of this strait. Volumetrically, the main episode in the formation of the island corresponds to the construction of a basaltic shield complex that constitutes the main part of the island, most of which is submerged. Multiple vents and volcanic episodes, mostly generating lava flows and Strombolian pyroclastic and hyaloclastitic deposits, can be recognised in the emerged parts of this basaltic shield. The construction of this shield edifice was truncated by the formation of a collapse caldera in the centre of the island. This caldera was originated by the eruption of a shallow, compositionally zoned magma chamber, which was probably triggered by a magma-mixing episode. The calderaforming products correspond to the Outer Coast Tuff Formation, mainly composed of a thick sequence of massive ignimbrites and minor pyroclastic surge deposits of basaltic to andesitic composition. The caldera collapse episode occurred rapidly during or after a single eruptive event and was entirely controlled by the numerous tectonic faults that already existed and that facilitated the downward movement of the caldera blocks. The formation of the caldera caused the destruction of the associated magma chamber, thus permitting the deeper magmas that feed the post-caldera volcanism to re-ascend, mainly using as pathways the same fractures and faults that controlled the caldera collapse. This situation has continued until the present day and still controls the frequency and type of recent volcanism. After the formation of the central caldera, a large hydrothermal system developed in the interior of the depression using the highly fractured pre-caldera basement and syn-caldera rocks. This hydrothermal system is currently very active and is responsible for most of the observed volcanic-tectonic seismicity and surface deformation.
